Abstract. Plasma spraying is a coating process which is widely used for the application of thermal barrier coatings. High plasma jet temperatures allow the processing of ceramic material particles which characteristically exhibit low thermal conductivities. This, in turn, produces high temperature gradients inside the particles and vaporization on the particles' surface during their dwell time in the plasma jet. Thus, a single particle in the plasma-jet can exhibit 3 states of matter simultaneously: solid in the core, molten exterior and gaseous on the surface. The temperature distribution inside the particles is the foremost factor which influences the particles' behavior during their impact on the substrate surface. Experimental investigations can provide only the surface temperature of the particles, which is not a good indicator of the melting degree for ceramic particles due to the high temperature gradients. This study focuses on the determination of the temperature distributions inside the particles, during their flight in the plasma and the free jet, with the help of numerical simulations. For this purpose, a numerical model of the plasma spraying process that describes the plasma and the free jet loaded with sprayed particles is presented. The model includes three sub-models; a plasma torch sub-model, a particle-laden free jet sub-model and a powder particles sub-model. The first sub-model calculates the temperature and velocity fields of the plasma inside the plasma torch, the second sub-model the kinetics of temperature and velocity fields of the turbulent free jet generated by the plasma torch. This information is used in the third sub-model to calculate the kinetics of temperature distribution within the particles, their melting degree and mass losses due to evaporation. The third sub-model also calculates heat and mechanical impulse loses due to the particle-plasma interaction, which in turn is coupled with the free jet sub-model.
Introduction
The air plasma spraying process (APS) has been the subject of numerous numerical models which attempt to consider the whole complexity of the relevant physical phenomena. The simulation of a single cathode plasma spraying systems involves transient models of the arc root fluctuations at the anode [1, 2] and the effect of plasma fluctuations on the particle temperature and velocity [3, 4] . In a three-cathode APS system, the arc root fluctuations are vastly diminished by a special placement of neutrode rings and the anode. This allows steady-state simulations of such systems [5, 6] . Steady-state simulations of a three-cathode APS system often consider the dispersion of the particles at the injector exit, the influence of the powder carrier gas flow on the plasma flow as well as the particle distribution in the plasma jet [7] . Relevant are the distributions of the size, the velocity and the temperature of the 1 14th High-Tech Plasma Processes Conference (HTPP 14) IOP Publishing IOP Conf. Series: Journal of Physics: Conf. Series 825 (2017) 012002 doi:10.1088/1742-6596/825/1/012002 particles in the plasma jet [6, 8] . The most common approach for the determination of the particle temperatures is the lumped capacitance method which assumes a homogenous temperature within the particle [9, 10, 11] . For materials with a high thermal conductance such as metals, especially for particles smaller than 100 µm in diameter, this assumption seems plausible and delivers results close to reality. However, ceramic materials, which are commonly used in APS applications, usually have a significantly lower thermal conductance than metals [12] . This causes substantial temperature gradients between the particle surface and its core. A ceramic particle which is molten on its surface but still has a solid core is a commonplace phenomenon in APS which was taken into account in various simulations by considering heat transfer within the particles [13, 14, 15, 16, 17, 18, 19] . An inhomogeneous melting of ceramic particles has a significant effect on the bonding behaviour and the porosity of the final coating and is therefore considered in this study. State of the art particle diagnostics in thermal spraying does not provide information regarding the temperature gradients in the particle [20] . Temperature measurements, which are based on the twocolour pyrometry, rely on the emission values on the particle surface [21] . Accordingly, they deliver only the surface temperature of the particle. It's a known case, that an increase of the electrical current in the plasma generator might deteriorate the deposition efficiency of the spraying process. The reason is that increasing the current increases not only the plasma temperature, but also the plasma velocity. This, in turn contributes to the increase in particle velocities and therefore, to the decrease of the particle dwell times in the plasma jet [6] . In such cases, experimental measurement of the particle temperature indicates temperatures above the melting point of the spray material, nonetheless the solid core springs back off the substrate surface. The aim of this study is to develop a numerical model for the heat conduction and the phase change phenomena in order to determine the temperature distribution and the location of the melt front within the particles during their flight in the plasma jet. This will contribute to the understanding of the bonding behaviour of ceramic particles in APS which in turn would enable the prediction of deposition efficiency and coating porosity. In the next section, the modelling of the plasma and the free jet will be described, followed by the description of the modelling of sprayed particle. Input parameters that are used in the simulations are presented in the "Model Parameters and Boundary Conditions" section. The results of the simulations and their analysis are presented in the "Results and Discussions" section which is followed by the Conclusion.
Modeling of Plasma and Free Jet
In this section, the numerical model that was used to describe the physical phenomenon in the plasma torch and the free jet as well as the boundary conditions will be described. The underlying principle of a plasma torch is based on the ionisation of a working gas between the electrodes by applying an electrical potential difference between the electrodes. This causes the gas to ionise and form an electrically conductive path between the electrodes. Thus, the conversion of the electrical energy into heat energy is achieved in the plasma generator. After being converted into the plasma state, the process gas leaves the nozzle of the plasma generator at high temperatures (TP > 12,000 K) and velocities (vP > 1,000 m/s) [7] .
Boundary conditions and model parameters
In this work, the three-cathode plasma torch TriplexPro TM -210 from Oerlikon Metco is analysed. It has 24 radially placed inlets which pass the operating gas into the convergent part of the plasma torch while the inclination of the inlets causes the gas to swirl. The anode ring which is located next to the torch outlet is separated from the cathodes with a long tubular section of neutrode rings. The geometry of the interior of the plasma generator is depicted in the Figure 1 . The plasma torch allows the injection of the particles into the plasma flame from three radially placed injectors downstream to the outlet. The plasma simulation in the plasma torch is already an established model [5] [6] [7] and is coupled with the free jet simulation [8] . The boundary conditions of the free jet are the plasma flow profiles at the plasma torch outlet. The flow profiles are exported from the plasma torch simulation and imported into the free jet simulation as a boundary condition. The flow properties that are imported to the free jet simulation at the plasma torch nozzle are the velocity profile, total temperature, turbulent kinetic energy and turbulent eddy dissipation.
Generally speaking, there are several approaches to plasma modelling which include single particle, kinetic, fluid, hybrid kinetic/fluid, gyrokinetic and system of many particles. Kinetic and fluid models are the most widely used ones in the literature [2, 3, 5, 6] . While the kinetic description of the plasma delivers more accurate results, due to its complexity and the computational overhead associated with it, the fluid model of the plasma is considered in this work. The fluid model describes the plasma based on the macroscopic parameters, which are determined by coupling the mass, momentum and energy conservation equations with the Maxwell equations. A commercial generalpurpose CFX package Ansys CFX ® (Release V15) was employed for the calculation of the plasma behaviour in this study. The following system of equations has to be solved numerically in order to describe the plasma flow:
The first three equations describe the thermodynamic fluid flow of the plasma and are equations of conservation of mass (Eq. 1), momentum (Eq. 2) and energy (Eq. 3) and are coupled with the Maxwell equations of electromagnetism. The coupling between the electromagnetic forces and the fluid flow dynamics is defined by the Lorentz force, the Joule heating which describes the electric heating of the process gas in the plasma torch as well as the radiation model. Radiation is modelled according to the temperature and pressure dependent net emission coefficient model. The values for the coefficient is taken from the literature [22, 23] . The momentum loss of the free jet due to the particle is taken into account with the term . The term in the Eq.(3) corresponds to the heat exchange between the plasma jet and the particle. and will be addressed in chapter 3.4 in more detail.
In order to predict the magneto hydrodynamic behaviour of the plasma column in the plasma generator, the temperature and pressure dependent properties of the plasma gas are included in the calculations. Properties of the most common operating gases in thermal spray are available in the literature [24, 25] . In order to model the turbulent mixing and the heat dissipation in the turbulent plasma flow, the two-equation turbulence SST model is used.
Because of the high plasma temperatures, the losses due to the radiation are significant in the total heat balance of the plasma flow. The net emission coefficient model was employed for the calculation of the radiation losses according to [5, 6] . The radiation energy balance is defined as the difference between the emitted and the absorbed radiation which is in turn a temperature and pressure dependent term of the energy conservation equation. This model calculates the radiation losses according to the temperature and pressure distribution in the simulation domain. The radiative warming of colder regions is neglected due to the low radiative absorption of the surrounding gases. The input parameters for the plasma jet model are given in the Table 1 : Table 1 . Input parameters for the particle-laden plasma-jet model
Property
Unit Value
Plasma gas Argon
Arc current A 500
Gas flow rate SLPM 50
Nozzle diameter mm 9
Carrier gas flow rate g/s 0.15
Particle injection rate g/s 0.4
Particle mean diameter µm 38
Particle diameter standard deviation µm 11
Modelling of Sprayed Particles
The mathematical model of the particle behaviour in the plasma jet is described by the equations of transient heat transfer, balance of mass, movement and interaction conditions with the free jet. The main assumptions that are used for the particle description are listed below:  spherical particle geometry  particle temperature distribution has a spherical symmetry  local plasma temperature and velocity along the boundary layer of particles are constants and defined by the current particle mass center position in the free jet  particle size can vary due to evaporation  particle evaporation has no influence on heat exchange between the particle and flow jet  temperature and velocity fields of the free jet are given and calculated according to a-priori simulations as shown in [5, 6] . Besides the boundary conditions, each particle is defined by a set of initial conditions. The most important ones are:
 initial radius R0  initial temperature T0  coordinates of the injection (point A in Figure 2 )  initial particle velocity at point A Additional parameters are the volume flow rate of the carrier gas, diameter of the particle injector, particle mass feed rate, maximal distance of the particle movement along the free jet direction and the temperature dependent material properties of the particle (Table 3 ). The coefficients and constants used for the free jet and the particle heating simulations are listed in Table 2 . Figure 2 . Schematic description of the discrete particle traveling in free jet and the particle heating model 
Particle heating
Particle heating in a free jet is described by the heat equation written in spherical coordinates, with its origin located at the particle center [26] . The heat equation is written one dimensional form due to the spherical symmetry assumption of the particles.
Here, H(T) -is enthalpy, T -temperature, R -the instantaneous radius of the particle, t -the particle heating time, tA -time at the point A (Figure 2 ), tL -time at the axial distance L and λ -thermal conductivity. Enthalpy is described by the Eq. (6), where c -is heat capacity, ρ -density, χm -latent melting heat. Boundary conditions are defined as: where q is the heat flow from the gas into the particle, with the coefficient of convective heat exchange between the particle and free jet  and radiative heat exchange via the emissivity factor . Tg is the gas temperature at the particle location and T(R) is the particle surface temperature. χv is the heat of vaporization, gv(T) -specific surface mass flow rate of vaporization and 0 the Stefan-Boltzmann constant.
Particle size
Since the evaporation at the particle surface was taken into account, the particle radius may change. At each time increment the instantaneous particle radius defined by the mass balance equation:
with the particle mass m = 4/3πR 3 ρ and the particle surface areas S = 4πR
2 . The impact of the surface evaporation on the overall particle mass will be a subject of further studies.
Particle velocity and trajectory
The particle velocity and trajectory can be obtained by the equating Newton's second law to the aerodynamical drag force acting on the particle surface during its flight in the free jet. For this purpose, the velocity of discretely defined particles is determined as the time derivative of the particles' centre coordinates. The equations are written as follows:
where v  -is the particle velocity; u  -is the local free jet velocity which takes into account the interaction with sprayed particle; F  -is the aerodynamical drag force vector; Cd -is the drag coefficient of a spherical particle; Sm =  R 2 -is the cross-sectional area of a spherical particle; ρg -is the density of surrounding gas; g  -is the gravitational acceleration. Different approaches exist for the description of the coefficients of convective heat exchange and aerodynamical drag for a spherical particle. A comparison regarding the influence of the different descriptions of the coefficients is presented in [27] . In this work, the description of coefficients according to [26] is employed as depicted in equations (13) (14) (15) (16) (17) . ) where Nu -is the Nusselt number; Re -the Reynolds number; Pr-the Prandtl number; η -dynamic viscosity of the free jet; λg, ρg, ηg, Cg -are the free jet properties at the point of the particle location, calculated at the particle surface temperature.
Influence of the sprayed particles on the free jet
The particles injected into the free jet are accelerated and heated by the gas. At the same time the free jet is slowed and cooled down due to the influence of the injected particles [28] . In order to take into account this effect the "two-way coupling" method is implemented. This is achieved by coupling the equations of momentum (equation (2)) and energy (equation (3)) of the fluid flow with the momentum and energy equations of the particle with the help of the terms SV and SH. These terms incorporate the momentum and energy loss due the acceleration and heating up the particles into the free jet flow and are defined as:
where SV, SH are the local values of the free jet heat and mechanical impulse loss due to the interaction of the free jet with the particles; b -is the instantaneous number of particles that are locally present in a free jet volume δV; nt -is the integer part of the amount of the particles homogenously distributed on the diameter of the injector nozzle and GM is the particle feed rate. Initial condition of the particle loading of the plasma flow is defined by SV = 0, SH = 0, GM = 0.
3.5 Material properties used in the particle heating model The model described by equations (5 -20) enables the calculation of the particle velocity, particle trajectory and kinetics of radial temperature distribution in the particle, the ratio of its melting and mass losses due to evaporation. These particle parameters can be calculated in dependence on the material composition, initial temperature and the particle diameter, particle feed rate and further conditions of particle injection into the plasma jet. Besides, this model can be used to observe the behaviour of multiple particles simultaneously. The material properties of the powder particle used in the simulation were chosen according to [28] and are shown in Table 3 : 
Results and Discussion
A plasma generator simulation was conducted using the parameters indicated in the section 2.1. The velocity and temperature fields at the plasma generator nozzle exit were transferred to the free jet simulation as boundary conditions. Flow conditions at the nozzle exit served as an inlet condition for the free jet computational domain. Figure 3 illustrates the trajectories of the particles injected into the free jet with an indication of the particle temperatures during their flight. Particle temperatures shown in the figure were obtained using the lumped capacitance method. Temperature gradients within particles were calculated exemplarily for the particles of = 22 μm and = 60 μm diameter and their temperature variations were compared. Gas temperatures and velocities as well as the particle velocities in the free jet at instantaneous particle coordinates were used as boundary conditions in order to calculate the temperature variation inside the particles. Temperature distributions between the particle cores and their surfaces are shown in Figure 4 , where r/R represents the particle radial coordinate normalised with respect to the initial particle radius. Since the temperature distribution of a particle in flight changes continuously, the temperature distributions are depicted at different stand-off distances y, which is the axial distance between the plasma generator nozzle and the instantaneous coordinate of the particle during its flight. For both particles, it can be seen that the particle surfaces warm up rapidly and reach high temperatures very near the plasma generator nozzle while the particle core remains cold. The temperature difference between the particle core and its surface levels out as it travels further along its flight trajectory. For the smaller particle, the particle core temperature reaches the melting temperature at = 17 cm stand-off distance, whereas the core of the larger particle does not melt during the whole time of its flight. Another way to compare small and large particles is to plot the temperature at the particle surface and its core against the distance travelled by the particle in flight. Figure 5 illustrates rapid increase of the surface temperature near the nozzle which can be explained by high plasma temperatures in the vicinity of the plasma generator nozzle. As the particles travel to the cooler regions of the free jet the surface temperatures sink and the core temperatures increase due to the thermal conductance within the particles. The temperature inside the considered particles levels out at a distance of approximately = 15 cm from the nozzle, independent of the particle size. Surface and the core temperatures meet slightly above the melting point of Al2O3 for the smaller particle, whereas temperature is levelled out at a temperature below the melting point for the larger one. The proof of concept model developed in this work does not include the latent heat of melting. The model developed in this work has shown the significance of the heat transfer within the particle because the temperature calculated according to the lumped capacitance model holds true only starting from the = 15 cm from the nozzle, which is longer than the usual spraying distance. At shorter distances the actual temperature within the particle can vary by several hundreds of degrees from the temperature determined by the lumped capacitance method. 
Summary and Outlook
In this work, the first model for the determination the temperature gradients within particles in a free jet was developed and simulated using a small and a large particle along their flight trajectory. To achieve this, three simulation models were coupled with each other. The first coupling took place between the simulation of the plasma generator and the free jet by exporting the flow profiles at the plasma generator nozzle as an inlet boundary condition for the free jet simulation. For the second coupling, gas temperatures and velocities at the immediate vicinity of the particle as well as particle velocity were used as boundary conditions for the transient heat transfer simulation within the particle along its flight trajectory. For the examined process parameters, the temperature gradients inside the small and the large particles diminish at around = from the nozzle and the temperature of the particles become uniform. The smaller particle is completely molten at the end of the flight trajectory, whereas the core of the larger one remains solid during the whole flight. The influence of latent heat was neglected in the presented simulation. Since it is expected to be of relevance, a more sophisticated model accounting for the latent heat is in development.
